Introduction
The centrosome, a tiny organelle consisting of a pair of centrioles surrounded by pericentriolar material, represents a major microtuble organizing center in eukaryotic cells, and it plays an integral role in directing the organization of the cytoplasmic microtubules and the assembly of the mitotic spindles (Brinkley, 1985; Kellogg et al., 1994; Urbani and Stearns, 1999) . The centrosome duplicates once per each cell cycle; the duplication process begins near the G 1 /S transition and completes during the G 2 phase. Just before the onset of mitosis, the duplicated centrosomes disperse to opposite sides of the nucleus to establish bipolar mitotic spindle poles that orchestrate the balanced segregation of chromosomes. To maintain the equal and timely division of chromosomes, centrosome duplication must be precisely coupled to the other cell cycle events, including DNA replication and mitotic division (Winey, 1996) . Previous reports have suggested that if these mechanisms fail, abnormal centrosome number or function can result in the formation of disorganized mitotic spindles and chromosome missegregation (Brinkley and Goepfert, 1998; Doxsey, 1998) . Multiple or atypical centrosomes have been reported in a variety of human malignant tumors in which cytoskeletal defects, abnormal mitotic ®gures, and chromosomal instability are commonly observed (Lingle et al., 1998; Pihan et al., 1998; Weber et al., 1998; Carroll et al., 1999; Sato et al., 1999; Kuo et al., 2000) .
Despite the critically important nature of centrosome duplication, its regulatory mechanism is poorly understood. In experimental models, centrosome dysregulation can be induced by functional loss of tumorsuppressor or cell-cycle-regulatory proteins including p53 (Fukasawa et al., 1996) , p21 (Mantel et al., 1999) , Gadd45a (Hollander et al., 1999) , Brca1 (Xu et al., 1999) , and Brca2 (Tutt et al., 1999) . Under some circumstances, the centrosome cycle can be dissociated from other cell cycle events. For example, arresting Chinese hamster ovary (CHO) cells at the G 1 /S boundary using hydroxyurea or aphidicolin results in the continuation of centrosome duplication, producing cells with multiple centrosomes (Balczon et al., 1995) . Treatment of Xenopus embryos with cycloheximide also blocks the mitotic cell cycle but allows the continuation of centrosome doubling (Gard et al., 1990) . Recently, researchers have shown that centrosome duplication requires cyclin-dependent kinase 2 (Cdk2) activity and can be speci®cally driven by Cdk2-cyclin E complexes (Hinchclie et al., 1999; Lacey et al., 1999; Matsumato et al., 1999) . Overexpression of p21
Waf1/Cip1 (p21), a Cdk2-cyclin E inhibitor, was found to block centrosome duplication in cycloheximide-treated Xenopus embryos (Lacey et al., 1999) and in hydroxyureatreated CHO cells (Matsumoto et al., 1999) .
Radiotherapy is one of the major treatment regimens for a wide range of human tumors; however, the exact pathways leading to radiation-induced cell death have not been elucidated. Ionizing radiation induces two types of cell death that are routinely referred to as apoptosis and mitotic cell death (Chang and Little, 1991; Dewey et al., 1995; Hendry and West, 1997) . In most solid tumor cell types, cell death after radiation occurs predominantly as a result of aberrant mitotic events, namely, mitotic cell death or mitotic cata-strophe (Dewey et al., 1995; Jonathan et al., 1999) . This form of cell death has been de®ned as loss of reproductive integrity after inappropriate entry into mitosis, and is frequently characterized by the emergence of cells containing multiple nuclear fragments or micronuclei' (Dewey et al., 1995; Muller et al., 1996; Jonathan et al., 1999) . Although little is known about the mechanism that generates these nuclear abnormalities, defects in the chromosome segregation machinery could be involved in this process of cell death.
We recently discovered that ionizing radiation induces centrosome overduplication in human tumor cells . Because centrosomes play an important role in the proper partitioning of chromosomes, we propose the hypothesis that lethal chromosomal damage and cell death following irradiation can arise from, at least in part, defects in centrosome function. In the present study, we attempted to determine the possible role of centrosomes in radiation-induced cell death. Exposure of tumor cells to gradiation resulted in a series of striking events, including centrosome overduplication, multipolar mitotic spindle formation, nuclear fragmentation, and consequent cell death. These ®ndings may delineate a novel mechanism underlying the lethal nuclear damage following radiation exposure and suggest a possible linkage between centrosome dysregulation and radiation-induced cell death.
Results

Centrosome profiles in tumor-derived cell lines
Using immuno¯uorescence microscopy with an antibody speci®c for g-tubulin, we examined centrosome pro®les in a panel of 10 cell lines established from dierent types of human solid tumors (Table 1) . In normal ®broblasts, one or two centrosomes (g-tubulinstained spots) were detected adjacent to the nucleus (Figure 1a) . In contrast, tumor cells often contained abnormal numbers of centrosomes, with copy numbers ranging from 1 ± 10 per cell (Figure 1b) . The percentage of cell population with three or more centrosomes in individual lines varied from 1.3 ± 30.2% (mean, 12.0%).
Ionizing radiation induces centrosome overduplication in tumor cells
In our previous report, we showed that irradiation of U2-OS osteosarcoma cells results in centrosome overduplication . We thus examined in more detail the centrosome dynamics of this cell line in response to g-radiation. Asynchronous U2-OS cells were irradiated at a single dose of 10 Gy and examined for the centrosome number at various time points after irradiation. Whereas the abnormal cells with three or more centrosomes were observed in only *1% of Cells were examined for centrosome number and nuclear morphology at 48 h after 10 Gy g-irradiation Figure 1 Immuno¯uorescence analysis of centrosomes in normal and tumor cells. Cells grown on coverslips were ®xed in methanol and stained with an antibody to g-tubulin, followed by secondary antibody (green) and propidium iodide (red). (a) A normal pancreatic ®broblast containing a single centrosome (arrow) near the nucleus. (b) A PANC-1 human pancreatic carcinoma cell containing multiple centrosomes (arrow heads). Scale bars, 10 mm
Centrosome overduplication in radiation-induced cell death N Sato et al control (untreated) cells, this fraction increased sharply to *10% at 24 h after irradiation and reached *65% by 72 h (Figures 2 and 3a) . At 120 h, over 80% of the irradiated cells contained excessive numbers of centrosomes ( Figure 3b ). Treatment of U2-OS cells with various doses of g-radiation (1 ± 30 Gy) resulted in a dose-dependent accumulation of cells containing multiple centrosomes with a maximum eect at 10 Gy ( Figure 3c ). Likewise, exposure of the other nine cell lines to 10 Gy g-radiation showed a substantial increase in cells with multiple centrosomes in all the tested lines (Figure 4 ). Quantitative analysis of the 10 tumor cell lines revealed that the mean proportion of cells with more than two centrosomes at 48 h postirradiation was signi®cantly higher than that of untreated controls (P50.0001). Thus, centrosome, overduplication seems to be a common response of tumor cells to g-irradiation.
Ionizing radiation induces multipolar spindle formation and nuclear fragmentation in tumor cells
Since centrosomes play a crucial role in the assembly of bipolar spindles during mitosis, we examined abnormalities in the mitotic spindle of irradiated cells by staining with an antibody to a-tubulin. As reported previously , U2-OS cells in mitotic phase after irradiation often displayed aberrant spindles organized by multiple poles, while these spindle defects were rarely observed in untreated cells (Figure 5a ,b). Double-staining of irradiated tumor cells with antibodies to pericentrin and a-tubulin revealed that the increased spots of pericentrin staining (centrosomes) were localized at each pole of the multiple spindles ( Figure 5c ). Notably, the chromosomes were eventually segregated into more than two fragments at the late phase of mitosis irrespective of cytokinesis ( Figure  5d ,e). Together, these ®ndings suggest that radiationinduced multiple centrosomes can nucleate microtubules and participate in the assembly of multipolar spindles, thereby producing nuclear fragments.
Changes in cell cycle progression of tumor cells after g-irradiation
To investigate the relationship between centrosome overduplication and cell cycle distribution, we analysed alterations in cell cycle progression of U2-OS cells after irradiation. After treatment with 10 Gy of g-irradiation, cells entered into a G 2 block following a transient increase in the S phase fraction ( Figure 6 ). Twenty-four hours after irradiation, *75% of the irradiated cells arrested with a G 2 (4N) DNA content. This G 2 block was sustained to 72 h after irradiation, suggesting that centrosome can continue to duplicate independent of the arrest of the nuclear cell cycle. In addition, cells with 8N DNA content appeared, beginning *48 h after irradiation. These data, along with the nuclear enlargement in some irradiated cells observed under microscopy, suggest a generation of polyploid cells as a result of abnormal mitotic events.
g-radiation induces multi-or micronucleated phenotype and subsequent cell death in tumor cells
Exposure of U2-OS cells to 10 Gy g-radiation resulted in a time-dependent increase in cell death, determined by the cell viability assay (Figure 7a ). The most prominent morphological change in irradiated U2-OS cells was appearance to giant cells containing multiple evenly stained nuclei or small nuclear fragments, which is consistent with a typical feature of mitotic cell death (Lock and Stribinskiene, 1996; Jonathan et al., 1999) .
As reported previously (Chan et al., 1999) , this process was distinguished from apoptosis by a relative lack of DNA degradation indicated by TdT-mediated nicked end labeling (TUNEL) staining (data not shown). After 10 Gy irradiation, the fraction of cells with multi-and/ or micronuclei increased from 5.8 to 33.3% by 72 h in proportion to the increased fraction of cells containing multiple centrosomes (Figure 7b ). At later times, however, this fraction decreased along with the appearance of cell death and a rapid decrease in mitotic cells, indicating that the process of mitotic cell death was essentially completed by *72 h. During 72 ± 168 h post-irradiation, we also found a relative increase in the population of enlarged,¯attened cells containing multiple centrosomes and a single nucleus, characteristic of`senescence-like phenotype' (Chang et al., 1999a,b) . These observations suggest that multi-and/ or micronucleated cells produced via abortive mitoses are selectively eliminated through cell death, but the remaining cells that escape from entry into mitosis survive despite the accumulation of centrosomes, resulting in the subsequent decline in the fraction of cells with nuclear fragmentation. Another experiment was carried out to determine the ultimate fate of mitotic cells with multiple centrosomes after irradiation. MIA PaCa-2 cells were irradiated Irradiated tumor cells at telophase demonstrating that multifocal spindles segregate the chromosomes into more than two fragments, producing micronuclei (arrow). Bars in a ± e, 10 mm with 10 Gy, and after a 24 h incubation the mitotic cells were collected by the method of mitotic shake-o. Staining of these mitotic cells with an anti-g-tubulin antibody revealed that over 60% of them displayed multiple centrosomes which were dispersed chaotically throughout the condensed chromosomes (Figure 7c ). Then the cells were replated in culture dishes and incubated with a complete medium. After 24 h, we found that *80% of the reseeded cells turned into giant cells containing multiple nuclear fragments of various sizes and shapes (Figure 7d ). Interestingly, gtubulin signals were detected as large patchy aggregates, usually at the center of the cells, surrounded by multiple nuclei (Figure 7e ). These multinucleated cells were viable for several days; however, a prolonged incubation of 7 days culminated in cell swelling, membrane blebbing, and detachment from the culture dishes in most cells (Figure 7f) . Collectively, these ®ndings indicate that radiation-induced centrosome dysregulation may give rise to the multinucleated phenotype, which eventually results in cell death.
Relation between centrosome overduplication and mitotic cell death following g-irradiation in 10 tumor cell lines
To further investigate the relation between centrosome dysregulation and mitotic cell death, we extensively analysed nuclear morphology and its relation to the centrosome status in the 10 tumor cell lines at 48 h after 10 Gy g-irradiation. Although multi-or micronucleated cells were detected even in a small fraction (1.7 ± 14.3%) of untreated cultures, all the lines showed a marked (2 ± 15-fold) increase in the proportion of these phenotypes upon exposure to radiation (Table 1) . Among these cell lines, a signi®cant positive correlation existed between the fraction of cells with multiple centrosomes and that with multi-and/or micronuclei after irradiation (P50.05; Figure 7g ). These results support the close link between centrosome overduplication and radiation-induced mitotic cell death.
Relation between centrosome overduplication and apoptosis following g-irradiation
Exposure of U2-OS cells to 10 Gy of g-radiation produced little evidence of apoptosis, judged by the rarity of cells with apoptotic morphology, TUNEL assay, and¯ow cytometric analysis. It is notable, however, that some irradiated cells containing multiple centrosomes stained positive for TUNEL (Figure 7h ). These ®ndings raise the possibility that a signi®cant fraction of cells with abnormal number of centrosomes might undergo apoptosis.
Overexpression of p21 blocks centrosome overduplication and protects cells from radiation-induced cell death
Recent studies have shown that Cdk2-cyclin E activity is required for repeated centrosome duplication and that p21 blocks the duplication through inactivation of Cdk2-cyclin E (Lacey et al., 1999; Matsumoto et al., 1999) . To investigate the eect of forced expression of p21 on centrosome status and cell death induced by radiation, MIA PaCa-2 cells were mock infected or infected with either recombinant adenovirus expressing p21 (Ad-p21) or bacterial human b-galactosidase (AdlacZ) at a multiplicity of infection of 100 before irradiation. We con®rmed the overexpression of p21 protein in Ad-p21 transduced cells by Western blotting as described previously . After 10 Gy g-irradiation, mock-infected cells or cells infected with Ad-lacZ showed centrosome overduplication to the similar extent encountered in cells treated with radiation alone (Figure 8a ). In contrast, p21 gene transduction completely blocked centrosome overduplication, with no signi®cant increase in the centrosome number after irradiation (Figure 8a,b) . Furthermore, cell viability assay revealed that the percentage of dead cells in p21-transduced cells 4 days after irradiation was signi®cantly lower than that of cells treated with radiation alone (P50.05; Figure 8c ). Thus, p21 overexpression inhibits the excess duplication of centrosomes and protects cells from radiation-induced cell death.
Discussion
In the present study, we assessed the potential role of centrosome in radiation-induced cell death in a variety of human tumor cell lines. The results have shown that exposure of tumor cells to ionizing radiation causes centrosome overduplication and the formation of multipolar mitotic spindles, which resulted in nuclear fragmentation and subsequent cell death. These ®ndings support the hypothesis that centrosome dysregulation is one of the underlying mechanisms of radiation-induced cell death. To the best of our knowledge, this is the ®rst report describing the relation between centrosomes and radiation-induced cell death.
The form of cell death after irradiation has been generally classi®ed as either apoptosis or mitotic cell death, though these two processes may be linked in some cases (Dewey et al., 1995; Jonathan et al., 1999) . In the present study, we used cell lines derived from human solid tumors in which mitotic cell death, evidenced by the emergence of multi-or micronucleated cells, was primarily observed after g-irradiation. We demonstrate that radiation-induced multiple centrosomes can nucleate microtubules and contribute to the assembly of multipolar spindles, thereby segregating the chromosomes into more than two fragments. Statistical analysis revealed a signi®cant positive correlation between the level of centrosome overduplication and the level of nuclear fragmentation in this series of cell lines. It is easy to envision that cells containing multiple nuclear fragments are not able to survive because of the irreparable chromosomal damage. Indeed, after irradiation, the fraction of these phenotypes in the surviving population was decreased along with the increased fraction of cell death. Furthermore, in another experiment we con®rmed that the multi-or micronucleated cells ultimately result in loss of cell viability after a prolonged incubation. These results strongly indicate that centrosome overduplication is the basis for the sequential events of mitotic cell death.
Alternatively, it is possible that cells containing a large number of centrosomes could be eliminated through the apoptotic pathway. In our present study, irradiated cells with more than two centrosomes were occasionally associated with positive TUNEL staining, suggesting that centrosome abnormality may be a critical event leading to apoptosis. Consistent with our results, p53-de®cient cells with multiple centrosomes frequently undergo apoptosis (Fukasawa et al., 1997) . Although the precise mechanism by which cells containing an abnormal number of centrosomes lead to apoptosis is unclear, it is reasonable to assume that nuclear damage resulting from multiple centrosomes could be a trigger of apoptosis. In support of this postulate, several investigators have shown that p53 protein is upregulated in micronucleated cells, thereby directing these cells toward apoptosis (Schwartz et al., 1997; Sablina et al., 1998) . Thus, the ®nal determination of whether cells with multiple centrosomes die by apoptosis or mitotic death may depend on the integrity of the checkpoint and/or apoptotic pathways.
Our results raise questions about the nature of centrosome multiplication in response to radiation. The most likely explanation is that radiation-induced cellular damage may cause the dissociation of centrosome duplication cycle from other cell cycle events including DNA replication and cytokinesis. Several studies have shown that a centrosome can duplicate repeatedly even if DNA replication or mitosis is inhibited (Ra and Glover, 1988; Gard et al., 1990; Balczon et al., 1995) . Radiation is known to inhibit DNA synthesis as a result of strand breaks and to induce cell cycle block in the G 1 or G 2 phase (Kastan et al., 1991; Bae et al., 1995; Han et al., 1995) . We found that, upon exposure to radiation, U2-OS cells arrested at the G 2 phase of the cell cycle, while the fraction of cells with multiple centrosomes continued to increase. Thus, it is conceivable that after irradiation, centrosomes accumulate through a process of binary duplication despite arrest of the nuclear cell cycle. This idea is supported by the present ®nding that the accumulation of centrosomes follows a roughly exponential time course. The closely-spaced pairs of centrosomes observed in irradiated cells under microscopic examinations are also suggestive of recently completed duplication events.
Finally, we examined the eect of p21 overexpression on centrosome regulation and cell death after radiation. In agreement with prior reports that p21 blocks centrosome duplication in dierent models (Lacey et al., 1999; Matsumoto et al., 1999) , our data demonstrated that radiation-induced centrosome overduplication is blocked by enforced expression of p21. Remarkably, p21 overexpression drastically rescued the radiation-induced cell death. This is also in line with several previous experiments which show that p21 expression protects cells from the cytotoxicity caused by irradiation (Bissonnette and Hunting, 1998; Wang et al., 1999) . Induction of p21 has been shown to inhibit not only centrosome duplication but also DNA synthesis (Li et al., 1994) . Furthermore, p21 may participate directly in DNA repair (McDonald et al., 1996) . In this respect, suppression of radiation-induced cell death by p21 overexpression could result from its direct eect on the DNA replication and/or repair. However, because of the close linkage between centrosome overduplication and cell death, it is a reasonable hypothesis that p21 can protect cells from radiation-induced cell death partly through inhibition of excessive duplication of centrosomes and entry into the potentially lethal mitosis.
In conclusion, our present results suggest that centrosome overduplication is one of the underlying causes of radiation-induced cell death. A further investigation of the molecular mechanisms involved in this centrosome dysregulation would provide important insights not only into the role of this tiny organelle in the DNA-damage-induced cell death but also into novel anticancer strategies targeted to centrosomes.
Materials and methods
Cells and culture conditions
Normal pancreatic ®broblasts were initially grown from surgical specimens from a 33-year-old male patient with chronic pancreatitis and were used at ®ve or six passages. MIA PaCa-2 was obtained from the Japanese Cancer Resource Bank (Tokyo, Japan). PANC-1, SUIT-2, and AsPC-1 were generously donated by Dr H Iguchi (National Kyushu Cancer Center, Fukuoka, Japan). Other cell lines (U2-OS, HCT-116, DLD-1, HeLa, JAR, and MDA-MB-231) were obtained from American Type Culture Collection (Rockville, MD, USA). Cells were maintained in Dulbecco's modi®ed Eagle's medium (Sigma Chemical Co., St. Louis, MO, USA) supplemented with 10% fetal bovine serum, streptomycin (100 mg/ml), and penicillin (100 U/ml) at 378C in a humidi®ed atmosphere containing 10% CO 2 .
Irradiation
Cells were plated at a density of approximately 5610 4 cells/ well onto 12-mm glass coverslips in 24-well plates and allowed to adhere overnight. The cells were irradiated with various doses at room temperature using a 137 Cs source, Gamma Cell 40 (Atomic Energy of Canada Ltd., Ontario, Canada), delivering 1.0 Gy/min (1 Gy=100 rads).
Indirect immunofluorescence microscopy
Cells on coverslips were washed with phosphate-buered saline (PBS), ®xed in methanol (7208C) for 5 min, allowed to dry brie¯y, and incubated with a permeabilization buer [0.1 M PIPES (pH 6.9), 1 mM EGTA, 4 M glycerol, 0.5% Triton X-100 and 1 mM GTP] for 1 min. The cells were then incubated with a blocking solution (10% normal goat serum, 3% bovine serum albumin, and 0.5% gelatin in PBS) for 15 min, and subjected to the following primary antibodies: anti-g-tubulin (clone GTU-88, Sigma), anti-pericentrin (Bab-CO, Richmond, CA, USA), and anti-a-tubulin antibody (Amersham, Buckinghamshire, UK). Secondary antibodies included Alexa 488 goat anti-mouse IgG, Alexa 546 goat anti-mouse IgG, and Alexa 488 goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA). Nuclear DNA was counterstained with propidium iodide (PI). Slides were mounted with Vectashield (Vector Laboratories, Burlingame, CA, USA) and visualized under a laser-scanning microscope, LSM-GB200 system (Olympus, Tokyo, Japan). At least 200 cells in each sample were examined for centrosome number and nuclear morphology. Paired centrosomes, which could be distinguished during microscope examination, were scored as two centrosomes.
Microscopic assessment of cell death
For morphological determination of cell death, irradiated cells stained with PI were observed under microscope and subdivided into two types of cell death according to their nuclear morphology and staining pattern. Although the criteria for`mitotic cell death' seem to be ill de®ned, giant cells containing multiple evenly stained nuclei and/or small nuclear fragments (micronuclei) were considered to represent mitotic cell death. Cells that were shrunken and contained vacuolated cytoplasm and intense chromatin staining were considered to be apoptotic cells. In addition, labeling of apoptotic nuclei with an FITC anti-digoxygenin conjugate was performed using the ApopTag Plus in situ Apoptosis Detection Kit (Intergen, Purchase, NY, USA) according to the manufacturer's instructions.
Quantitative measurement of dead cells
Cell viability was examined quantitatively using a multiwell uorescence scanner (Cyto¯uor II, PerSeptive Biosystems Inc., Framingham, MA, USA) by the method described previously (Zhang et al., 1999) . This method is based on the binding of PI to the nuclei of cells whose plasma membranes have become permeable as a result of cell death. The percentage of dead cells was de®ned as the proportion of uorescence intensity of dead cells to that of total cells.
Cell cycle analysis
For cell cycle analysis, cell suspensions were washed twice in PBS and ®xed with cold 70% ethanol for 4 h. The ®xed cells were then washed with PBS, incubated with 100 mg/ml RNase A for 30 min at room temperature, stained with PI (25 mg/ ml), and analysed with a FACScan¯ow cytometer (Becton Dickinson, Bedford, MA, USA).
Adenoviral infection of cells
Replication-defective E1-and E3-adenoviral vectors encoding either human p21 Waf1/Cip1 (Ad-p21) or bacterial human bgalactosidase (Ad-lacZ) were prepared as described previously (Ueno et al., 1995 (Ueno et al., , 1997 . The virus titer was assessed by a plaque formation assay using 293 cells. Cells were mock infected or infected either with Ad-p21 or Ad-lacZ at a multiplicity of infection of 100 in serum-free media for 1 h at 378C. After infection, the culture supernatant was replaced with regular media. The overexpression of p21 protein was con®rmed by Western blotting as reported previously .
Statistical analysis
Statistical signi®cance was evaluated with the paired Student t-test or the Mann-Whitney U-test. A correlation between the fraction of cells with multiple centrosomes and the fraction with features of mitotic cell death was assessed with the Spearman's rank correlation test. P50.05 was considered signi®cant.
